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Abstract
Two radical signals with different line widths are seen in the Na+-translocating NADH:ubiquinone oxidoreductase (Na+-NQR) from Vibrio
harveyi by EPR spectroscopy. The first radical is observed in the oxidized enzyme, and is assigned as a neutral flavosemiquinone. The second
radical is observed in the reduced enzyme and is assigned to be the anionic form of flavosemiquinone. The time course of Na+-NQR reduction
by NADH, as monitored by stopped-flow optical spectroscopy, shows three distinct phases, the spectra of which suggest that they correspond
to the reduction of three different flavin species. The first phase is fast both in the presence and absence of sodium, and is assigned to reduction
of FAD to FADH2 at the NADH dehydrogenating site. The rates of the other two phases are strongly dependent on sodium concentration, and
these phases are attributed to reduction of two covalently bound FMN’s. Combination of the optical and EPR data suggests that a neutral FMN
flavosemiquinone preexists in the oxidized enzyme, and that it is reduced to the fully reduced flavin by NADH. The other FMN moiety is
initially oxidized, and is reduced to the anionic flavosemiquinone. One-electron transitions of two discrete flavin species are thus assigned as
sodium-dependent steps in the catalytic cycle of Na+-NQR.
D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
NADH:quinone oxidoreductase from the marine bacte-
rium Vibrio alginolyticus is known to be a primary Na+
pump that generates a transmembrane difference in Na+
electrochemical potential (DANa+ ) [1,2]. DANa+ is utilized to
support osmotic work, i.e. uphill transport of solutes [3],
rotation of flagella [4], and possibly ATP synthesis [5].
The enzyme was purified [6] and shown to consist of six
subunits [7]. Its operon was cloned, sequenced and found to
be composed of six structural genes that correspond to the six
subunits present in the Na+-NQR complex [7–9]. Three of
the subunits, NqrA, NqrC and NqrF, are relatively hydro-
philic whereas the NqrB, NqrD and NqrE subunits are very
hydrophobic [7]. NqrF contains binding motifs for NADH,
FAD, and an iron–sulfur center, and is therefore believed to
be involved in the NADH dehydrogenase activity [8,10]. The
presence of an iron–sulfur center in Na+-NQR was con-
firmed by EPR spectroscopy, and shown to be a 2Fe–2S
cluster [11–13]. Steuber et al. [14] considered the Fe–S
cluster as contamination of the preparation by succinate de-
hydrogenase or fumarate reductase. Studies on the purified
Na+-NQR from various bacteria have shown that the enzyme
also contains tightly bound ubiquinone-8 in a ratio of
approximately 1:1 with non-covalently bound FAD
[11,13,15]. Recently, it has been shown that the NqrB [16]
and NqrC [15,16] subunits both contain covalently bound
flavin, most likely FMN that is covalently bound to threonine
residues by phosphoester bonds (Thr-235 in NqrB; Thr-223
in NqrC) [17,18].
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Vibrio harveyi also expresses an Na+-NQR, the enzyme
is closely homologous to the Na+-NQR of V. alginolyticus.
It also functions as an electrogenic sodium pump [15] that
translocates one sodium ion per electron transferred through
the enzyme [19]. Purified Na+-NQR from V. harveyi con-
tains non-covalently bound FAD, tightly bound ubiquinone-
8, [2Fe–2S] cluster and at least one covalently bound flavin
[15]. Since Na+-NQR enzymes from V. alginolyticus and V.
harveyi are genetically very similar, it is expected that the
enzyme from V. harveyi also contains two covalently bound
FMN species.
Recently it has been shown that the reduction of Na+-
NQR by NADH occurs in three distinct kinetic phases [12].
The rate of reduction of one of the flavin cofactors was
shown to be strongly dependent on sodium concentration,
with an apparent affinity for Na+ of about 3.4 mM. This
value is close to the KM for Na
+ as determined for the
steady-state quinone reductase reaction catalyzed by the
enzyme. Two distinct EPR signals were seen in the dithion-
ite-reduced enzyme, one originated from the 2Fe–2S clus-
ter, and the other from a radical with 1:1 stoichiometry,
whereas oxidized Na+-NQR showed only the radical signal
[12,13].
Here, we report data indicating that the two radical
signals in Na+-NQR arise from different redox centers.
The radical in the oxidized enzyme is assigned as a
neutral flavosemiquinone, and the radical in the reduced
enzyme is likely to be an anionic flavosemiquinone.
Upon reduction of the enzyme by NADH, the neutral
flavosemiquinone is reduced to fully reduced flavin, and
an oxidized flavin is reduced to anionic flavosemiqui-
none. These processes occur in two distinct kinetic steps
with the rates strongly dependent on the presence of
sodium.
2. Materials and methods
2.1. Purification of Na+-NQR from V. harveyi
Purification of Na+-NQR from V. harveyi was carried out
as described previously [12]. Our Na+-NQR preparations are
not contaminated by succinate dehydrogenase as well as fu-
marate reductase as judged by the absence of any succina-
te:DCPIP oxidoreductase activity.
2.2. EPR spectroscopy
An X-Band E-109E spectrometer (Varian) was used. The
field modulation frequency was 100 kHz. The temperature
of the sample was controlled with a liquid nitrogen cryostat.
All EPR data were corrected by subtracting the blank (EPR
signal of tube with buffer). Quantitation of EPR signals was
carried out by double-integration of the experimental spectra
obtained at non-saturated conditions, using Weak Pitch
(Varian) as the standard.
2.3. Stopped-flow kinetic measurements
Na+-NQR (1–3 mg ml 1) in buffer A (100 mM KCl, 10
mM HEPES/Tris (pH 7.5), 0.05% dodecyl maltoside (DM))
was rapidly mixed (dead time 3 ms) with an equal volume of
buffer A containing 70 AMNADH (potassium salt), or 70 AM
NADH and 50 mM NaCl. To study the Na+-NQR reduction
kinetics at pH 5.5, the enzyme in buffer Awas rapidly mixed
with buffer B (100 mM KCl, 200 mM MES/Tris (pH 5.5),
0.05% DM) containing 70 AMNADH. Rapid mixing experi-
ments were carried out using a stopped-flow spectrophotom-
eter equipped with a diode array detector capable of recording
spectra at a rate of up to one per millisecond (Unisoku
Instruments). All the experiments were performed at 3.5
jC. The background sodium concentration in the mixtures
was 30 AM.
2.4. Data analysis
Basic data matrix manipulations and presentation were
done with Matlab (The Mathworks, South Natick, MA) [20].
The data obtained from the stopped-flow instrument were
analysed in the form of a surface of absorbance values
covering a 512 512 point time/wavelength plane. Decom-
position of these surfaces was done using a global exponen-
tial fitting program SPLMOD [21]. The SPLMOD algorithm
operation is based on the assumption that the kinetics at a
given wavelength of the surface can be described by the
same exponential processes as at all other wavelengths. With
this algorithm, the data surface is described by the formula:
Aðk; tÞ ¼ c0ðkÞ þ c1ðkÞ  expðk1  tÞ þ c2ðkÞ
 expðk2  tÞ þ c3ðkÞ  expðk3  tÞ þ . . .
where A(k,t) is the absorbance at a given time (t) and
wavelength (k); and the rate constants, k1, k2, k3, etc., are
the same for the kinetic data at any wavelength. The
amplitudes of the exponential processes are different at
different wavelengths, and the vectors c1(k), c2(k), c3(k),
etc., are the spectra of optical changes, which proceed in the
corresponding exponential process. c0(k) is a ‘‘constant
term’’ spectrum which corresponds to the final state towards
which the entire system is decaying. Our data were satisfac-
tory fitted by a process with three apparent rate constants.
The transitions with these rate constants are designated as
phases I, II and III, respectively.
2.5. Spectra
Spectra of Na+-NQR and glucose oxidase (from Asper-
gillus niger, Sigma) were measured on Cary 1C or Aminco
DW-2000 spectrophotometers. Anaerobic samples of the
proteins were prepared using a vacuum line by several
cycles of degassing and flushing with argon. To produce
neutral and anionic flavosemiquinone forms of FAD in
glucose oxidase, anaerobic samples of the enzyme were
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photoreduced at pH 5.8 and 10.2, respectively, as described
earlier [22,23]. To achieve full reduction of glucose oxidase,
samples of this enzyme were mixed with glucose (10 mM).
The following extinction coefficients were used to calculate
the redox transitions in glucose oxidase: for the Fl! FlH2
transition, e450 = 12.3 mM
 1 cm 1; for the FlH
S! FlH2,
e570 = 3.9 mM
 1 cm 1; and for the Fl! FlS, e450 = 10.8
mM 1 cm 1 [22,24].
Succinate dehydrogenase activity was measured in the
presence of phenazine methosulfate and DCPIP as electron
acceptors as described in Ref. [25]. To reveal full succinate
dehydrogenase activity all protein samples were activated by
preincubation with malonate.
Non-covalently bound FAD was extracted from the pro-
tein and separated by HPLC as described in Ref. [15]. It was
found that the preparations contained 3.9 nmol of non-
covalently bound FAD per mg of protein.
Protein content was determined by the bicinchoninic acid
method using bovine serum albumin as standard [26]. The
sodium concentration was measured by flame photometry.
3. Results
In earlier studies, the EPR signal from the 2Fe–2S cluster
of Na+-NQR was shown to overlap partially with a radical
signal [11]. To avoid this interference, the EPR measure-
ments were carried out under the conditions that minimize
the signal from the 2Fe–2S cluster, i.e. at  40 jC [27]. Fig.
1 shows that both oxidized and reduced forms of Na+-NQR
exhibit an EPR radical signal with similar spin concentration
(3.5 nmol of spin per mg of Na+-NQR, i.e. about 0.9 mol per
mol of non-covalently bound FAD). Such a high redox
stability of the radical species led us to conclude previously
that it can be sterically inaccessible to a number of redox
agents [12]. However, both the saturation properties and the
line shape of the signal are changed upon reduction [12]: the
signal is more narrow in the reduced than in the oxidized
enzyme (14 and 19 G line widths, respectively; Fig. 1).
These line widths are typical for flavin radicals [28]. More-
over, the 19 G line is characteristic of neutral and the 14 G
line of anionic flavin radicals [28]. Thus oxidized Na+-NQR
possibly contains a neutral flavin radical [11,12], and this
proposal has been also recently made for Na+-NQR from
Vibrio cholerae [13], whereas the enzyme reduction possibly
produces an anionic flavin radical.
To test this possibility, the optical changes in Na+-NQR
upon the enzyme reduction were studied. The neutral flavin
radicals have very characteristic spectral properties with
peaks around 580 and 625 nm that are quite distinct from
either fully reduced flavins, or from the anionic flavin
radicals [22]. The reduction of the 2Fe–2S cluster may
contribute in this spectral region, but without such character-
istic details [29]. Thus, if oxidized Na+-NQR contains a
neutral flavin radical that vanishes upon reduction, the
reduced minus oxidized spectrum should show a trough in
the 550–650 nm region with the typical minima around 580
and 625 nm. As shown in Fig. 2, Na+-NQR reduction indeed
results in a decrease in absorption in the 550–650 nm region
with troughs at 578 and 629 nm (these values were deter-
mined using double-derivative analysis of the spectrum),
supporting the proposal that reduction of the enzyme is
associated with disappearance of a neutral flavosemiqui-
none.
The EPR data (Fig. 1) suggest that the reduction may
also lead to appearance of an anionic flavosemiquinone.
There are at least two possibilities to rationalize these
observations: (i) a neutral flavosemiquinone in the oxidized
enzyme releases proton upon Na+-NQR reduction thus
producing anionic radical form (FlH
S! FlS); (ii) the reduc-
tion of Na+-NQR comprises a single-electron reduction of a
Fig. 1. EPR spectra of the radical signals in Na+-NQR from V. harveyi. (A)
Air-oxidized, (B) dithionite-reduced. Sample conditions: 50 mM Hepes/Tris
(pH 7.5), 200 mM NaCl and 0.05% DM, protein concentration 3 mg ml 1,
(B) dithionite, 5 mM. EPR conditions: microwave frequency, 9.15 GHz;
microwave power, 100 AW; temperature,  40 jC; modulation amplitude,
0.2 mT.
Fig. 2. Absorption difference spectrum (reduced minus oxidized) of Na+-
NQR. Sample conditions: 50 mM Hepes/Tris (pH 7.5), 200 mM NaCl and
0.05% DM. To reduce the enzyme, 0.1 mM dithionite was added to the
anaerobic sample containing 3.5 mg ml 1 Na+-NQR.
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neutral flavosemiquinone (FlH
S! FlH2), and a separate
single-electron reduction of another oxidized flavin moiety
to form the anionic radical (Fl! FlS).
To distinguish between these possibilities, the kinetics of
Na+-NQR reduction by NADH was studied by the stopped-
flow technique. At low sodium concentrations, it is possible
to distinguish three different kinetic phases of the reaction
with different absorption spectra reported previously [12].
Here, we produced model difference spectra for the different
redox transitions of flavin (i.e. Fl! FlH2, Fl! FlS,
Fl! FlHS, FlS! FlH2, and FlHS! FlH2), using photo-
reduction of glucose oxidase under various conditions as a
model (see Materials and methods), and comparing these
spectra with those of the three kinetic phases of Na+-NQR
reduction.
As shown in Fig. 3, phase I is very rapid (f 150 s 1 at
3.5 jC, pH 7.5), and rate of this phase is independent of
sodium concentration [12]. To resolve its spectrum, the
reaction was performed at pH 5.5 (3.5 jC) where its rate
constant is about 40 s 1 (not shown). Fig. 4A shows the
spectrum of this phase as compared with the model spectrum
of two-electron reduction of FAD (Fl! FlH2). The two
spectra are very similar, except for a 15 nm shift. Thus, we
assign phase I as two-electron reduction of an oxidized
flavin.
The rate of phase II is increased in the presence of
sodium, from 5 s 1 at 30 AM Na+ to 69 s 1 at 25 mM
Na+ (Fig. 3). The spectrum of this phase is shown in Fig. 4B.
As mentioned above, the troughs at ca. 580 and 625 nm are
Fig. 3. Kinetics of Na+-NQR reduction by NADH at 462 minus 535 nm
(time course at 462 nm reflects the redox transition in flavins while using a
reference wavelength (535 nm) allows to significantly reduce noise).
Stopped-flow mixing conditions: syringe 1: 2.5 mg ml 1 protein in buffer A
(see Materials and methods); syringe 2: 70 AM NADH (in buffer A). The
media from syringe 1 and 2 (equal volumes) were mixed at zero time as
indicated by arrow. Spectra were recorded once every millisecond after
mixing; temperature: 3.5 jC, pH 7.5. For the high sodium trace, the NADH
solution in syringe 2 was supplemented with 50 mM NaCl to obtain a final
concentration of 25 mM. The background Na+ concentration was 30 AM.
The three observed kinetic phases are labelled I, II and III, respectively. It is
noteworthy that the final bleaching of the enzyme (after 10 s) in the presence
(25 mM) and in absence (30 AM) of Na+ was the same, see Ref. [12].
Fig. 4. Absorption spectra of the three kinetic phases of Na+-NQR reduction
by NADH (as shown in Fig. 3). The spectra were obtained by global multi-
exponential fitting (see Data analysis). Sample conditions as in Fig. 3, with
the exception of Awhere syringe 2 contained 70 AMNADH in buffer B (pH
5.5; see Materials and methods). (A) Spectrum of phase I (solid line)
compared with the model spectrum of two-electron reduction of glucose
oxidase at protein concentration of 3.4 AM (dotted line). (B) Spectrum of
phase II (solid line) compared with the model spectrum of one-electron
reduction of neutral flavosemiquinone in glucose oxidase at protein
concentration of 4.2 AM (dotted line). (C) Spectrum of phase III (solid
line) compared with the model spectrum of one-electron reduction of FAD in
glucose oxidase with the formation of anionic flavosemiquinone at protein
concentration of 3.9 AM (dotted line).
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characteristic of disappearance of a neutral flavosemiqui-
none, and this is seen from the comparison of the phase II
spectrum to the model spectrum of single-electron reduction
of neutral flavosemiquinone (FlH
S! FlH2). Small differ-
ence between the spectra at 520 nm is likely due to the red-
shift of Na+-NQR flavin spectrum as compared to the flavin
in glucose oxidase. Thus, phase II can be assigned to
reduction of the neutral flavosemiquinone, which was ini-
tially present in the oxidized form of Na+-NQR.
As seen from Fig. 3, the rate of phase III is extremely
sensitive to the presence of sodium (0.8 s 1 at 30 AMNa+ and
33 s 1 at 25 mMNa+). The spectrum of phase III (Fig. 4C) is
very similar to the spectrum of the Fl! FlS transition in
glucose oxidase, with the only difference that the phase III
spectrum is 5 nm red-shifted. Hence, it is consistent with one-
electron reduction of an oxidized flavin species to the anionic
flavosemiquinone form.
Thus we conclude that the reduction of Na+-NQR com-
prises of three distinct kinetic phases, each represents the
reduction of one of three different flavin species (Fl! FlH2,
FlH
S! FlH2 and Fl! FlS, respectively). A molar ratio of
0.7:0.9:0.8 per one non-covalently bound FAD was calcu-
lated for the three phases, using the extinction coefficients for
the different model redox transitions of FAD in glucose
oxidase (Fig. 4 and Materials and methods). This shows that
the stoichiometry of the three phases is close to 1:1:1 and that
each phase corresponds to about 1 mol of flavin reduced per
mol of Na+-NQR. The small discrepancy from exact 1:1:1
stoichiometry may be explained by somewhat different molar
absorptions of the flavin species in Na+-NQR and glucose
oxidase.
Our data support the proposal that in the process of
Na+-NQR reduction by NADH, the neutral flavosemiqui-
none preexisting in the oxidized enzyme is reduced to
FlH2, followed by reduction of another (oxidized) flavin
species to the anionic flavosemiquinone. The reduction of
the FlH
S
and the formation of Fl
S
occur in different
kinetic phases. Also, the neutral flavosemiquinone is con-
verted into the fully reduced flavin form, but the anionic
flavosemiquinone is derived from an oxidized flavin. This
suggests that the different radicals originate from different
flavin species. The EPR data (Fig. 1) are in line with the
proposal that the oxidized Na+-NQR contains a neutral
flavin radical, whereas an anionic flavin radical is present
in the reduced Na+-NQR. In support of this, by optical
spectrometry we can actually detect reduction of a preex-
isting neutral flavosemiquinone and the formation of
anionic flavosemiquinone in different kinetic phases during
the reduction of Na+-NQR by NADH.
In the control experiments, the spectral changes of Na+-
NQR upon incubation with different electron donors were
studied. Fig. 5 shows that the reduction of Na+-NQR by
dithiotreitol (DTT) and vitamin K3 leads to a spectral
changes that are identical to those observed in phase II
(Fig. 4B). If phase II corresponds to disappearance of a
neutral flavosemiquinone which is present in the oxidized
enzyme, the reduction of Na+-NQR by DTT+K3 is expected
to cause disappearance of the EPR radical signal with 19 G
line width, but without forming the 14 G radical. Fig. 6
confirms this in that the DTT +K3 treatment indeed causes
complete disappearance of the 19 G radical signal. Subse-
quent addition of dithionite to the DTT +K3-treated sample
once again leads to the formation of a radical signal, but this
time with 14 G line width (data not shown), again supporting
the proposal that the two EPR signals stem from two differ-
ent flavin entities in Na+-NQR.
Fig. 5. Optical spectra of Na+-NQR reduction by DTT and vitamin K3. The
solid line represents the reduced minus oxidized difference spectrum. For
comparison, the dotted line shows the spectrum of phase II of Na+-NQR
reduction by NADH (cf. Figs. 3, and 4B). Sample conditions: 50 mMHepes/
Tris (pH 7.5), 200 mM NaCl and 0.05% DM. 2.5 mM DTT and 50 AM K3
were added to the aerobic sample of Na+-NQR to reduce the enzyme. The
concentration of purified protein was 1.3 mg ml 1.
Fig. 6. EPR spectra of Na+-NQR reduction by DTT and vitamin K3. EPR
spectra are shown for (a) air-oxidized Na+-NQR, (b) Na+-NQR reduced by
DTT and K3. Sample conditions as in Fig. 5. EPR conditions: microwave
frequency, 9.15 GHz; microwave power, 0.5 mW; temperature,  40 jC;
modulation amplitude, 0.4 mT.
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4. Discussion
Here we report evidence for the presence of two different
radical species in Na+-NQR, one in the oxidized and another
in the reduced enzyme. Oxidized Na+-NQR contains a
neutral flavosemiquinone, while the reduced enzyme seems
to contain the anionic form of a flavosemiquinone. The
stability of these two radicals in the oxidized and reduced
enzyme, respectively, suggests that the neutral flavosemiqui-
none has a very positive redox potential for the Fl/FlH
S
couple, while the anionic flavosemiquinone has a very
negative potential for the Fl
S
/FlH2 couple. This explains
why only a single radical per Na+-NQR molecule is detected
in almost all the conditions tested.
It was demonstrated previously that there are three
distinct flavin species in Na+-NQR from V. alginolyticus
[16]. We have obtained the same results by analysis of the
highly homologous enzyme from V. harveyi. In this work,
the participation of three different flavin moieties in V.
harveyi Na+-NQR reduction by NADH was demonstrated
by analysis of the kinetic phases observed during this
process. A hypothetical scheme for the reduction is shown
in Fig. 7. The very rapid phase I is difficult to resolve even at
low temperature, and its rate is independent of the presence
of sodium. The spectral changes during this phase appear to
be due to two-electron reduction of a flavin moiety. This
flavin species is most likely the non-covalently bound FAD
in the NqrF subunit, because (i) it is a part of the NADH
dehydrogenase site of Na+-NQR [8,10], and (ii) the NADH
dehydrogenase activity of Na+-NQR (in contrast to the
ubiquinone reductase activity of this enzyme) is independent
of sodium [15].
Phase II is assigned to the single-electron reduction of a
neutral flavosemiquinone, and phase III to the one-electron
reduction of an oxidized flavin to the anionic form of
flavosemiquinone. These two phases presumably involve
two distinct covalently bound FMN molecules in the NqrB
and NqrC subunits, but it is not yet known which of the
subunits carries the neutral and which the anionic flavose-
miquinone. This question will be addressed in future stud-
ies. The rates of both the second and third kinetic phases are
strongly increased with rising sodium concentration. Phase
III (formation of anionic flavosemiquinone) has the greatest
dependence on Na+ with an apparent affinity for sodium
ions that is close to the KM value of the enzyme for Na
+ at
steady-state conditions [12]. This indicates that the forma-
tion of the anionic flavosemiquinone is the rate-limiting step
during operation of Na+-NQR at low sodium concentra-
tions.
Several processes during reduction of Na+-NQR by
NADH are not resolved at this time. For example, we were
as yet unable to monitor the kinetics of reduction of the
Fe–S cluster. It may be concluded, however, that this
process hardly takes place in phase II because this phase
has only negligible optical changes at 460 nm, nor in phase
III because this phase has no negative optical changes in
the 500–650 nm region. Therefore, it seems likely that the
Fe–S cluster becomes reduced along with reduction of
FAD in phase I. Much still remains unclear about the
mechanisms leading to the second and third phases. First,
both appear to be single-electron transfer reactions (see
scheme in Fig. 7), whereas NADH is a two-electron donor.
Thus, one-electron reduction of the neutral flavosemiqui-
none (phase II) and a single-electron process of formation
of the anionic flavosemiquinone (phase III) must be
coupled to a one-electron reduction of another cofactor
(tightly bound ubiquinone or 2Fe–2S cluster) in the Na+-
NQR. It is also not known at what point and how the two-
to-one-electron transition occurs, and how the final two-
electron reduction of the acceptor quinone takes place.
Secondly, although phase III follows phase II temporally
during reduction of the enzyme by NADH, this does not
compulsory mean that these two reactions follow one
another in that order during catalysis. In fact, the midpoint
potential of the redox couple that is reduced during phase
III (Fl! FlS) is probably lower than that of phase II
(FlH
S! FlH2), since only the latter takes place with DTT
plus menadione (Figs. 5 and 6). Hence, a relatively low
midpoint redox potential of the Fl/Fl
S
couple may rather
be the reason for the late occurrence of phase III.
Finally, we speculate that the transition from two-to-one-
electron transfer events in this enzyme may be directly
Fig. 7. Scheme of proposed redox events in the Na+-NQR during the enzyme reduction by NADH. The tightly bound ubiquinone-8 and [2Fe–2S] cluster are not
shown in the scheme because their electronic state cannot be monitored with certainty by the technique used. It is noteworthy that the scheme cannot be
considered as a description of electronic pathway within Na+-NQR, it only reflects the redox events detected at different kinetic phases of the enzyme reduction
by NADH.
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related to the mechanism of redox-linked translocation of
sodium ions. Formation of a flavosemiquinone anion as an
intermediate, and the strong dependence of the rate of this
reaction step on sodium, suggest the intriguing possibility
that this may be the partial reaction step during sodium
pumping that is coupled to uptake of Na+ from the
cytoplasm into the enzyme. Even a direct electrostatic
linkage between the flavosemiquinone anion and the
sodium ion may be possible here, but any firm conclu-
sions on this point, and indeed on the transport mechanism
as a whole, must await further functional and structural
data.
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